In 2014, a sediment trap mooring was deployed adjacent to station Kuroshio Extension Observatory (KEO)'s National Ocean and Atmosphere Administration (NOAA) surface mooring. These data, from July 2014 to July 2016, are used here to investigate nutrient supply mechanisms that support ocean productivity in this oligotrophic region of the subtropical western North Pacific. Both years of sediment trap data show that biogenic material fluxes at~5000 m increased between late winter (March) and late spring (June). Based on sea surface temperature and upper ocean water temperature profiles, from the NOAA surface buoy, and satellite-based surface chlorophyll-a , this increase was likely due to an increase of ocean productivity in early spring (March) that was supported by nutrients supplied by winter mixing. On the other hand, biogenic material fluxes also increased in October 2014, and between late December 2014 and January 2015 when concentrations of nutrients near the surface typically are low. Sea surface height anomalies and vertical profiles of water temperature in the upper 500 m showed cyclonic eddies passing station KEO and causing upwelling in late July-early August 2014 and November 2014. It appears that these events supplied nutrients to the upper layer, which then caused ocean productivity in the subsurface layer to temporally increase, resulting in increased deep biogenic material fluxes in autumn and winter. This interpretation of the data is consistent with a simple 3D physical-biological model simulation that shows meso-scale cyclonic eddies can supply nutrient to support new production at KEO. During the 2-year-long sediment trap deployments, several typhoons also passed near station KEO and near-inertial internal waves were observed near the nitracline depth after the typhoons passed. Although turbulent mixing caused by near-inertial internal wave could have possibly supplied nutrient to upper oligotrophic euphotic layer, numerical simulations of the turbulent nutrient supply indicate that enhanced turbulent diffusion across the nutrient concentration gradient did not supply enough nitrate to support the increase in biogenic material flux in autumn.
Introduction
Recent increases of atmospheric CO 2 and associated global warming have caused warming, stratification, deoxygenation, and acidification of the ocean, collectively called "multiple stressors" (e.g., Bopp et al. 2013 and references in their paper). There is now great concern that these changes of the ocean environment will affect the ecosystem, carbon cycle, and the ocean's ability to mitigate future increases of atmospheric CO 2 .
To collect essential baseline data about this ecosystem and its role in the biological pump, and to facilitate predictions of how these material cycles via biological activity may change, a comparative study of the ecosystem and its biogeochemistry was conducted at time-series stations in the western Pacific eutrophic subarctic gyre (station K2: Fig. 1 ) and oligotrophic subtropical gyre (station S1: Fig. 1 ). (For details and highlights on the K2S1 project, see special issue of Journal of Oceanography vol. 72, no. 3, 2016; Honda et al. 2017 ). An important finding of this project was that annual mean of phytoplankton biomass and primary productivity at the oligotrophic station S1 were comparable to that at the eutrophic station K2 Honda et al. 2017) . Consistent with the K2S1 results, recently, using data from the National Oceanic and Atmospheric Administration (NOAA) Kuroshio Extension Observatory (KEO) surface mooring, Fassbender et al. (2017) estimated the annual net community productivity (aNCP) in the surface mixed layer of oligotrophic North Pacific subtropical region to be 7 ± 3 mol-C m − 2 year − 1 . This estimate was higher than that in the eutrophic North Pacific subarctic region reported previously (0.5-5 mol-C m − 2 year − 1 , references in Fassbender et al. 2017) and, thus, they called the KEO area "the biological hot spot for carbon cycle." Based on chemical/physical observations and numerical simulations, several likely "missing nutrient sources" at the oligotrophic station were suggested, including regeneration, meso-scale eddy driven upwelling, meteorological events, and eolian inputs in addition to winter mixing . Understanding vertical motion associated with mesoscale and submesoscale eddies is an area of active research. Cyclonic eddies generally have a shallow thermocline at their center and as these eddies move past a point (e.g., KEO), the subsurface nutricline can temporarily rise into the euphotic zone. As discussed by Martin and Pondaven (2003) , eddies can be classified as either "linear" or "non-linear." If the eddy is "linear," the S1 K2 KEO Fig. 1 Location of station KEO. Open circles in the insert (enlarged view of KEO) denote track of catenary-moored NOAA-KEO surface buoy (SB) between July 2014 and July 2016, and solid inverted triangle denotes JAMSTEC-sediment trap (ST) station. Background is horizontal distribution of annual mean of phosphate based on World Ocean Atlas data (https://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html) drawn by Ocean Data View (Schlitzer 2003) . Small open circles in main figure denote former JAMSTEC subarctic and subtropical time-series stations (K2 47°N/160°E and S1 30°N/145°E, respectively) nutricline locally rises and falls as the eddy passes, and the local nutricline generally is in the euphotic zone for a short duration. In contrast, if the cyclonic eddy is "non-linear," the uplifted water tends to be trapped in the center of the eddy as it is advected past the local point. In the eddy-rich region of the KEO station, both types of eddies are found: Rossby waves generated by wind anomalies in the central Pacific, as well as non-linear eddies pinched off by large amplitude Kuroshio extension meandering (Qiu 2002) . Wind acting on the eddies and eddies forming through a hydrodynamic instability can also have enhanced vertical velocity patterns (McGillicuddy Jr et al. 2007 ). In addition, Mahadevan et al. (2008) showed that submesoscale dynamics can cause very large vertical velocities along the periphery of the eddies. Effects of meso-scale cyclonic eddies on the supply of nutrients to the surface have been observed with in situ and/or remotely sensed observations at the Bermuda Atlantic Time-series Study (BATS) (McGillicuddy Jr et al. 1998 Sweeney et al. 2003) and in the Pacific (Sukigara et al. 2014; Kouketsu 2016: Kouketsu et al. 2016; . Sasai et al. (2010) also studied these effects through numerical simulations. In previous studies, the contribution of eddy-induced nutrient to new production were estimated to be from less than 10% to~100% (Falkowski et al. 1991: < 20%; McGillicuddy Jr and Robinson 1997 : 70%: McGillicuddy Jr et al. 1998 :~40%: Oschlies and Garcon 1999 Siegel et al. 1999:~50%; Oschlies 2002: < 10%) .
Another mechanism of nutrient supply to the surface sun-lit but oligotrophic layer is meteorologically generated turbulence. Typhoons frequently pass through the NW Pacific subtropical area and, sometimes, near the KEO surface mooring. During the force stage, as the typhoon passes a site, Ekman pumping followed by strong wind-and surface cooling-mixing can lead to a rapid rise of the mixed layer depth followed by mixed layer deepening. Inertial oscillations are also generated preferentially on the right side of the storm, although can occur on the left side if it is transitioning to an extratropical storm (Bond et al. 2011) . Convergences and divergences associated with the inertial oscillatory upwelling and downwelling (inertial pumping) after the typhoon has passed. As the oscillations propagate downward into the seasonal thermoclines as near-inertial internal waves, vertical shears can form and cause shear instabilities that result in enhanced turbulent mixing and vertical diapycnal fluxes of nutrients and heat . Typhoon-enhanced surface water mixing resulting in ocean productivity has been seen in satellite data (Lin 2012; Lin et al. 2003; Babin et al. 2004; Siswanto et al. 2007 Siswanto et al. , 2008 and numerical simulations (Shibano et al. 2011; Menkes et al. 2016; Pan et al. 2017) . showed that typhoon-generated near-inertial internal waves, propagating and breaking in the nutricline led to high export fluxes and high chlorophyll patches in the deep chlorophyll maximum layer. Subsurface nutrient supply and increased productivity have been observed following the passage of typhoon by Zhang et al. (2014) and Rumyantseva et al. (2015) . Moreover, another possible nutrient source to the open ocean is eolian dust (Additional file 1). It has been reported that natural and anthropogenic eolian dust includes major/micro-nutrients such as nitrogen and Fe, which can affect ocean biogeochemistry (e.g., Jickells et al. 2005; Duce et al. 2008) .
In order to study nutrient supply mechanisms that support ocean productivity in the western North Pacific oligotrophic subtropical region, since July 2014, a deep-sea (~5000 m) sediment trap mooring has been maintained at station KEO, adjacent to the NOAA surface mooring. The KEO surface mooring has made meteorological and physical oceanographic observations since 2004 and surface carbon measurements since 2006. The meteorological and physical KEO data were used by Cronin et al. (2013 Cronin et al. ( , 2015 to evaluate the surface heat budget and processes affecting the formation and erosion of the seasonal thermocline. Fassbender et al. (2017) then combined these physical and meteorological time-series with the carbon time-series to describe the mixed layer carbon budgets at KEO, and in particular, the net community production and calcium carbonate production there. Here, we focus on the sediment trap data to relate these physical, meteorological, and biological processes to the biogenic material flux data at 5000 m.
Methods/Experimental

Station KEO
The KEO time-series station in the western Pacific subtropical gyre was established in 2004 by Pacific Marine Environmental Laboratory (PMEL) of NOAA with the deployment of a surface mooring (Fig. 1) . One of the primary purposes of the surface mooring has been to measure air-sea heat fluxes. Due to the cold, dry air of continental origin blowing over the warm Kuroshio Extension current, surface heat fluxes out of the ocean in this region are some of the largest found in the basin, a feature that is typical of western boundary current extension (WBCE) regions (Cronin et al. 2008 (Cronin et al. , 2013 . As is also characteristic of WBCE regions, meso-scale eddies are very energetic near KEO (e.g., . During the warm season, tropical cyclones routinely pass near KEO as they transition to extra-tropical storms (Tomita et al. 2010 ). In addition, there is large inter-annual and decadal variability in the KEO region that can affect the eddy energy, recirculation gyre size and shape, and Subtropical Mode Water ventilation, all of which can affect the biogeochemistry at station KEO (Qiu et al. 2014; Oka et al. 2015) .
Based on climatological data from National Institute for Environmental Studies (NIES)-SOOP database (soop.jp), World Ocean Atlas (https://www.nodc.noaa.gov/OC5/ WOA09/pr_woa09.html) and observed data (Japan Agency for Marine-Earth Science and Technology (JAMSTEC) K2S1 database (https://ebcrpa.jamstec.go.jp/k2s1/en/), concentrations of nutrients are quite low in the KEO region compared to the subarctic (Fig. 1) , and thus this area can be categorized as oligotrophic.
KEO buoy data
The KEO NOAA surface mooring (sinker position for 2014-2016: 32°23′N/144°32′E), has been equipped with various physical and meteorology sensors since 2004 and a suite of carbon sensors since 2006. Multiple CTD (above 525 m) and 1-3 current meters (above 36 m) on the mooring provided data during experimental period. Data and details of the NOAA surface buoy mooring are available at https://www.pmel.noaa.gov/ocs/data/disdel/. Although drifting buoy, Argo float, and satellite are often used for time-series analyses, drifter and float data are not Eulerian observations and satellite can observe only sea surface condition. In contrast, this NOAA moored surface buoy provides high-resolution time-series of surface ocean data, and underwater physical oceanographic data, such as upper ocean profile time-series of temperature and density.
Sediment trap experiment and sample chemical analysis
The sediment trap experiment at KEO began in July 2014 and is ongoing. This study reports on results from the first 2 years, between July 2014 and June 2016, while drawing upon the longer meteorological and physical oceanographic time-series from the adjacent NOAA surface buoy in order to interpret seasonal variability in sediment trap data. A time-series sediment trap (McLane Mark VII-21) with 21 collecting cups was deployed at 32°22′N/144°25′E and about 5000 m (800 m above seafloor),~10 km westward (6 nautical mile) from the NOAA-PMEL KEO buoy. The sediment trap mooring system was initially deployed by R/V Kaiyo in June 2014 and was then turned around by M/V Bluefin in September 2015 and by R/V Shinsei-maru in July 2016. Sampling interval (sampling period per one collecting cup) was 18 days. Before deployment, collecting cups were filled with seawater-based buffered 10% formalin solution. Non-filtered seawater for this preservative was collected from 2000 m. Its salinity was adjusted to approximately 39 by addition of NaCl (addition of 50 g NaCl to 10 L of seawater). Initial pH of this solution was~8.1. After recovery of the sediment traps, samples were stored in a refrigerator at 4°C until the chemical and biological analysis could be performed at a shore-based laboratory.
After pre-treatment (swimmer elimination, splitting, filtration, drying, weighing for total mass flux, and pulverization) at a shore-based laboratory, the major components of the sinking particles were measured. Concentrations of organic carbon, inorganic carbon and nitrogen were measured with an elemental analyzer (Perkin-Elmer 2400 CHN/O, USA). Concentrations of Al, Si, Ca, and other trace elements such as Fe and Ti were measured with an inductively coupled plasma emission spectrometer (Perkin-Elmer Optima 3300DV, USA). Concentrations of biogenic opal (opal, SiO 2 ·0.4H 2 O) and CaCO 3 were estimated with following equations:
where coefficients are based on crustal ratios (Taylor 1964) . Honda et al. (2002 Honda et al. ( , 2013 provide further details about pre-treatment and chemical analysis.
Numerical simulation of eddy-induced nutrient supply
In order to evaluate the effect of cyclonic eddies on biogeochemistry semi-quantitatively, eddy-induced increase of nitrate concentration in the upper 100 m were estimated between 2000 and 2012 using an eddy-resolving coupled physical-biological model of the North Pacific Ocean. In particular, we used the Ocean general circulation model For the Earth Simulator (OFES) with sea-ice process (Masumoto et al. 2004; Komori et al. 2005) coupled to a simple nitrogen-based Nitrate-Phytoplankton-Zooplankton-Detritus (NPZD) pelagic model (Oschilies 2001) . The OFES domain extends from 20°S in the south Pacific to 66°N in the North Pacific Ocean and from 100°E to 70°W. The eddy-resolving model is 1/10°and has 54 vertical levels from 5 m thickness at the surface to 330 m thickness at the maximum depth of 6065 m. The OFES was integrated for 30 years under climatological forcing using the Japanese 25-year Reanalysis (JRA25) (Onogi et al. 2007) , from the observed climatological fields of temperature and salinity fields (WOA09: https://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html) without motion. After 30 years of spin-up integration, the OFES was integrated from 1979 to 2012 using 6-hourly JRA25. Detail of the biological model is described elsewhere (Sasai et al. 2007 (Sasai et al. , 2010 . To reach equilibrated biological fields, the biological model was incorporated after 30 years spin-up of the OFES with JRA25 climatological forcing and was integrated over a 5-year period with the climatological forcing. The biological fields at the end of the 5 years were then used as the initial condition for the physical-biological model, driven by the JRA25 from 1995 to 2012.
Results and discussion
Seasonal variability in materials' flux
Over the experimental period, averages of biogenic material fluxes at KEO and their standard deviations (organic carbon 2.2 ± 1.3; opal 12.8 ± 12.2; CaCO 3 14.6 ± 8.5 mg m − 2 day − 1 ; Fig. 2 ) are comparable to those at S1 (organic carbon 2.3 ± 0.7; opal 7.0 ± 2.9; CaCO 3 20.4 ± 6.1 mg m − 2 day − 1 ; K2S1 database). On the other hand, fluxes at KEO are significantly smaller than that at K2 (organic carbon 5.5 ± 1.6; opal 80.7 ± 36.2; CaCO 3 38.5 ± 8.6 mg m − 2 day
; K2S1 database), while primary productivity at stations K2 and S1 were, interestingly, comparable Honda et al. 2017) . The cause of larger vertical attenuation in biogenic settling particle in the subtropical region (such as station KEO or S1) than the subarctic region (such as station K2) is still under debate (e.g., Honda and Watanabe 2010) .
During the first year (July 2014-July 2015), remarkably large increases in total mass flux (TMF), which were more than 40% larger than TMF in the preceding and subsequent samples, were observed three times: early October 2014, late December 2014-early January 2015, and late April 2015 (Fig. 2a) . During the second year (September 2015-June 2016), although its intensity was Satellite-based surface chlorophyll-a concentration (Chl-a) started to increase substantially in late February and peaked in late March in both years (Fig. 2a) . If it can be assumed that the sinking velocity of particulate materials in the deep sea (> 1000 m) is 100-200 m day (Fig. 2a) . Backscatter observed with this sensor also increased simultaneously with Chl-a (data not shown). The observed time-series and numerical simulation of vertical profile of Chl-a at the subtropical time-series station S1 (K2S1 project, Honda et al. 2017) showed occurrence of subsurface Chl-a increase or subsurface Chl-a maximum (SCM) in summer and autumn (Fujiki personal communication 2017; Sasai et al. 2016) . Thus, it can be presumed that the TMF increase observed in December 2015 reflected this subsurface phytoplankton increase in November 2015.
Seasonal variability in organic carbon flux (OCF) was similar to that of TMF (Fig. 2b) and OCF correlated well with TMF (r 2 = 0.97). Biogenic opal flux (OPF) also showed similar seasonal variability to TMF (r 2 = 0.81) and OCF (r 2 = 0.81) (Fig. 2c) . Increases of OCF in April 2015 and March-April 2016 were likely attributed to increase of diatom and/or plankton with biogenic opal test. On the other hand, correlation coefficients between CaCO 3 flux (CAF) and TMF, and between CAF and OCF were slightly lower (r 2 = 0.76 and 0.71, respectively) (Fig. 2d) . Unlike OPF, peaks of CAF appeared in December 2014-January 2015 and December 2015-January 2016. Thus, winter peak in OCF and CAF was likely attributed to the autumn increase of subsurface phytoplankton with CaCO 3 such as coccolithophorids. This seasonal variability in phytoplankton species in the western Pacific subtropical region (station S1) is supported by previous studies ).
Cyclonic eddy and its effect on increases of phytoplankton and carbon flux
Based on NOAA surface buoy data, sea surface temperature (SST) at local noontime (12:00) varied from about 15 to 28°C (Fig. 3a) . Between January 2015 and April 2015, and between February 2016 and April 2016 winter cooling and mixing caused February subsurface subtropical mode water with low temperature (< 19°C) to outcrop at the surface. As a result of mixing within this very deep surface layer, nutrients were supplied to the oligotrophic surface. When the layer began to re-stratify in spring, phytoplankton increased (spring bloom) in the nutrient-rich shallow surface layer as can be seen by the late March increase of surface Chl-a in Fig. 2a . Sequentially, deep sea biogenic material fluxes (OCF, CAF, and OPF) increased as observed at KEO in April-early May (Fig. 2b-d) .
In addition to the deep winter mixing periods described above, shoaling of intermediate water with temperature lower than 15°C and density higher than 25.5 (sigma theta) to depth of~100 m (pressure of~100 dbar) was observed in late July or early August and November in 2014 (Fig. 3a, b) . During each of these periods, satellite-based sea surface height anomalies (SSHA) at KEO were remarkably low, with values of about − 50 cm (Fig. 3a) due to a nearby meso-scale cyclonic eddy (Additional file 2: Figure S1 ). We hypothesize that these isopycnal shoaling events are caused by cyclonic eddy-induced upwelling, which supplied nutrients to depths of near 100 m below the surface. Although nutrients were not supplied to the surface, 90-100 m is still within or at the bottom of the euphotic zone during these periods. As described above, the SCM during summer and winter was observed and numerically simulated for this region. Thus, passage of cyclonic eddies in late July and in November 2014 (hereinafter CE1 and CE2, respectively) might have introduced an increase of subsurface phytoplankton. If so, the TMF increase observed in early October 2014 and in late December 2014-early January 2015 might reflect a subsurface phytoplankton increase not observed by satellite. Based on SSHA and vertical profile of seawater temperature, the cyclonic eddy also passed KEO in late April 2015 and in February 2016. However, these periods were when the seasonal thermocline was very weak or absent, and, thus, it is not clear how these eddies could affect phytoplankton. We further note that the average biogenic materials' flux (sum of OCF, CAF, and OPF) in the first year (35.5 ± 24.5 mg m − 2 year − 1 for September 2014-June 2015) was significantly higher than that in the second year (27.0 ± 10.3 mg m − 2 year − 1 for September 2015-June 2016) (p < 0.005, F test). This might also be attributed to not only stronger winter mixing but also more cyclonic eddy passing near KEO in the first year during periods when the seasonal thermocline is present.
Quantitative evaluation of individual cyclonic eddy as a nutrient supplier
According to satellite-based SSHA and NOAA buoy data after 2008, cyclonic eddies with SSHA < − 50 cm typically passed near station KEO a few times (0-3 times) per year (Additional file 3: Figure S2 or Fig. 9 in Fassbender et al. 2017 ) and, at those times, subsurface water ascended to shallower than 100 m. In order to evaluate the effect of cyclonic eddy on biogeochemistry in more detail, the eddy-induced increase of nitrate concentration in the upper 100 m (from 100 to 0 m) was estimated between 2000 and 2012 using an eddy-resolving coupled physical-biological ocean model (see the "Numerical simulation of eddy-induced nutrient supply" section). The increased integrated nitrate concentration in the upper 100 m caused by cyclonic eddy with SSHA < − 50 cm (Δ int N (eddy) ) were estimated by taking the difference of the maximum integrated nitrate concentration in the upper 100 m when the cyclonic eddy passes KEO from the integrated nitrate concentration in the upper 100 m just before the cyclonic eddy passes. As shown in Fig. 4 , the numerical simulation successfully reproduced the cooling and nutrient enrichment from wintertime mixing, as well as the upwelling of subsurface cold and nutrient rich water to shallower than 100 m that occurred a few (0-3) times a year when cyclonic eddies with SSHA < − 50 cm pass near station KEO. Each Δ int N (eddy) and total net of Δ int N (eddy) for respective year (annual Δ int N (eddy) or Δ int AN (eddy) ) were estimated to be 0.02-1.07 mol-N m − 2 and 0.10-1.07 mol-N m − 2 year − 1 , respectively (Table 1) . Some eddies passed near KEO during the deep winter mixing (DWM) period. In this case, upwelling of subsurface nutrient-rich water is introduced by a b Fig. 3 Time-series contour plots of daily-averaged (a) seawater temperature (°C) and (b) density (sigma-theta, kg m − 3 ), for the upper~550 m (less than 550 dbar) at station KEO between July 2014 and June 2016, using data available from https://www.pmel.noaa.gov/ocs/data/displaydelivery/disdel/index.html. Solid line is isoline and dots are sampling points. White line in a denotes temporal variability in satellite-based sea surface height anomaly (SSHA) daily data. Daily SSHA data, which were acquired from Copernicus Marine Environment Monitoring Service, were specifically defined as departure from 20-year long-term mean SSH (1993 SSH ( -2012 . White open bars in b denote TMF (same as Fig. 2a) DWM and Δ int N (eddy) might be overestimated. We also calculated Δ int AN (eddy) without Δ int N (eddy) during the DWM period (0.31 ± 0.38 mol-N m − 2 year − 1 , Table 1 ). This estimate was comparable or slightly higher than that estimated for the Sargasso Sea (0. by Siegel et al. 1999 ). Next, we attempt to evaluate semi-quantitatively the impact of the CE1 and CE2 eddies on 5000 m particle flux, recognizing that the variables have large uncertainties, particularly the amount of nutrient (N) supplied to the upper 100 m by CE1 and CE2, fraction of supplied N utilized by phytoplankton, and fraction of primary productivity (PP) transported vertically to 5000 m. Based on our simulation, a cyclonic eddy with SSHA of~− 50 cm, which is comparable in size to CE1 and CE2 (cyclonic eddies 2001-2, 2001-3, 2003-1, 2007-2, 2011-1 in Table 1 It is noted that if TMF or OCF increase observed in early October 2014 was due to increase of subsurface phytoplankton following an increase in nutrient supplied by CE1 in late July 2014, sinking velocity of the particulate biogenic materials is estimated to be less than 100 m day − 1 (4900 m/60 days). This sinking velocity is slightly lower than that reported generally (> 100 m day − 1 , e.g., Honda et al. 2009; Honda et al. 2013 ). However, it might be conceivable because (1) Slow sinking particle with sinking velocity of about 50 m day − 1 was reported based on measurement of particulate radiocesium emitted from the Fukushima Daiichi Nuclear Power Plant accident in March 2011 , and (2) When the surface ocean is well stratified and transparent, exopolymer particles (TEPs) are produced in this stratified layer by phytoplankton such as diatom (Mari 1999) , coccolithophorids (Engel et al. 2004) , and picophytoplankton, such as Prochlorococcus (Iuculano et al. 2017) , TEPs, which is composed mainly of acidic polysaccharides and is sticky mucous, promoting the formation of marine aggregates (Passow et al. 2001) . These aggregates are usually large, but loose and fluffy with low density and/or large drag, and therefore, might sink slowly or hardly at all (Bach et al. 2016) . In late July when CE1 passed, KEO area was well stratified (surface mixed layer was about 20 m). It is also suspected that Prochlorococcus is predominant in autumn in this area (Fujiki et al. 2014 ). In addition, slow sinking particles might not be always transported downward: their motion might sometimes be upward and sometimes lateral. If this is the case, the apparent sinking velocity would become very small. Likewise, (3) Slow sinking velocity of settling particles observed in early October 2014 might also be supported by its lower density: concentration of "biogenic ballast" (sum of opal and CaCO 3 concentrations), with density more than double that of organic matter (CaCO 3 2.71; opal 2.10; organic matter 1.06 g cm
, e.g., Klaas and Archer 2002), bringing particle to the ocean interior quickly (e.g., Klaas and Archer 2002; Francois et al. 2002; Honda and Watanabe 2010) , was about 30% while that of settling particle observed in late December 2014-early January 2015 was about 60%.
Contribution of annual eddy-induced nutrient to annual carbon flux
In addition, Δ int AN (eddy) (annual Δ int N (eddy) ) reported here (Table 1) can be compared to previous annual This period is in the deep winter mixing (DWM) period carbon (C) export studies at the western Pacific subtropical station S1 (30°N/145°E, e.g., Honda et al. 2016 Honda et al. , 2017 , about 140 miles southeast of station KEO. Assuming 100% utilization of Δ int AN (eddy) and application of the Redfield ratio, Δ int AN (eddy) -supported annual PP can be estimated to be 2.0-2.6 mol-C m − 2 year − 1 (0.31-0.40 mol-N m − 2 year − 1 × 6.6) ( Table 2) . At station S1, net primary production was observed to be 10.6 mol-C m − 2 year − 1 Honda et al. 2017 ). The F ratio, which is the uptake ratio of nitrate (an externally-supplied nutrient) to the sum of this nitrate and ammonium (regenerated nutrient) and is comparable to the ratio of annual C export flux to net primary production, was estimated to be~0.3 by the numerical simulation . Thus, annual C export flux or new production can be estimated to be 3.2 mol-C m − 2 year − 1 (10.6 × 0.3). Annual C export fluxes at 100 and 200 m at S1 were estimated to be 1.7 and 1.3 mol-C m − 2 year
, respectively, based on particulate organic carbon (POC) flux at respective depths observed by a drifting sediment trap . Sum of POC flux and dissolved organic carbon (DOC) flux at 200 m was also estimated from the carbon budget (2.7 mol-C m − 2 year − 1 : Wakita et al. 2016 ). Thus, Δ int AN (eddy) -supported annual PP (2.0-2.6 mol-C m − 2 year − 1 ) estimated in this study is comparable to the annual C export flux estimated from previous reports. As described earlier, aNCP at KEO was estimated to be 7 ± 3 mol-C m − 2 year − 1 using KEO buoy pCO 2 and meteorological/physical oceanographic data (Fassbender et al. 2017 ). This value is slightly larger than our estimate and previous estimates. However, this might be reasonable because their aNCP was estimated for the surface mixed layer and, especially in summer, a portion of aNCP is likely to be regenerated in the upper layer (< 100 m) and not exported to the ocean interior. Thus Δ int AN (eddy) estimated in this study was reasonable and it can be said that cyclonic eddies potentially play an important role in supplying nutrients to the oligotrophic upper layer and supporting much of the new production. However, our estimate is based on a simple numerical simulation without consideration of horizontal advection (i.e., efflux of nutrient from the eddy) and response rate of phytoplankton to temporal increase of nutrient (i.e., incomplete uptake). If efflux of nutrient and incomplete uptake had occurred, our estimate would have been overestimated. Inter-annual variability, which provides a measure of uncertainty to our interpretation of the annual average as a long-term mean, was also estimated to be about 100% (Table 1) . On the other hand, if cyclonic eddies originate from the subarctic eutrophic region, they may already possess enough nutrient without vertical mixing (e.g., Sasai et al. 2010) . For a more complete understanding of how cyclonic eddy affect productivity, we would need to determine whether the eddy was a non-linear cyclonic eddy (Martin and Pondaven 2003) , and if so, if it was a coherent Lagrangian vortex (Haller and Beron-Vera 2013) . We would also need to consider various factors such as its birth place, its path, and its overall time at the fixed point (e.g., KEO).
Effect of typhoon on physical oceanography and biogeochemistry
During the experimental period (July 2014-June 2016), abrupt barometric pressure drops observed by the KEO Table 2 Comparison of simulated Δ int AN (eddy) -supported C production with annual C export flux based on new production, particulate organic carbon (POC), and dissolved organic carbon (DOC) fluxes at station S1 and annual net community productivity (aNCP) in surface mixed layer at station KEO. POC flux at 100 and 200 m of station S1 were observed by seasonal drifting sediment trap deployment ). Due to the many challenges of making sediment trap time-series from a mooring that extends into shallow water, for this KEO study, a deep sediment trap time-series mooring was used Figure S3 ). Here, we consider the possibility of whether one of these typhoons triggered the enhanced biogenic materials' flux. As described in the "Introduction" section, previous studies have reported that typhoons can play a significant role in subsurface nutrient supply resulting in increase of PP. However, in contrast to previous reports (Lin 2012; Lin et al. 2003; Babin et al. 2004; Siswanto et al. 2007 Siswanto et al. , 2008 , no remarkable increase of surface Chl-a during or after passage of these typhoons was observed (Fig. 2a) .
In addition, as can be seen in the profile time-series of seawater temperature (Fig. 5 ), large Ekman upwelling associated with the cyclonic winds, which could have supplied subsurface nutrient to the upper ocean, was also not evident.
On the other hand, it is notable that after typhoon T1414 passed, near-inertial internal waves occurred for about 10 days, with an inertial period of about 22 h and an amplitude of about 10 m in the upper seasonal pycnocline, i.e., around 50 m (Fig. 5a) . Strong near-inertial oscillations could also be seen in the current meter at 36 m during T1414 (Additional file 5: Figure S4 ). Near-inertial internal waves are typically associated with vertical shears in horizontal velocity that can cause shear-instability mixing and enhanced diapycnal fluxes (Johnston et al. 2016 , Inoue et al. 2017 . Because this source of turbulent mixing within the euphotic zone extended for about 10 days, much longer than the duration of the passing typhoon, it is conceivable that this event could have provided a significant source of nutrients at a subsurface depth within the euphotic zone. If so, the turbulent mixing induced by typhoon passage might be responsible for To test this hypothesis, the turbulent flux of NO 3 (F) at thermocline or nitracline by turbulent mixing following typhoon T1414 was calculated according to
where ΔKp is the increase in turbulent diffusivity (diffusion coefficient, m 2 s ). In this study, we suspected that C/ Z in September between 50 and 100 m around KEO was 0.034 mmol m − 4 based on climatological data (WOA2013: https://www.nodc.noaa.gov/cgi-bin/OC5/woa13/woa13ox-nu.pl?parameter=n, Additional file 6: Figure S5 ) and model simulation (Fig. 4b ). This concentration is comparable to that at station S1 (0.042 mmol m − 4
: . Below the surface mixed layer in the KEO region, Kp has been reported to be~10
− 5 m 2 s − 1 (Mori et al. 2008; Nagai et al. 2009; Kaneko et al. 2012; Inoue et al. , 2017 , but is expected to increase significantly during and following a typhoon. In order to investigate change in diffusion coefficient (ΔKp) at 50-70 m, where nitracline might exist (Additional file 6: Figure S5 ), a simple model simulation was conducted. Yablonsky and Ginis (2009) have shown that the cool SST wake following passage of typhoon is reproduced reasonably well by a one-dimensional model if the tropical cyclone translation speed is faster than 5 m s − 1 . Because this is generally the case in the KEO region, a one-dimensional model could help in understanding the effect of typhoons on nutrient fluxes into the euphotic zone and resulting ocean productivity. Time evolution of the vertical profiles of the horizontal component of velocity, temperature and salinity and turbulent kinetic energy was solved using a one-dimensional model based on Mellor-Yamada-Nakanishi-Niino scheme (Furuichi et al. 2012) . The turbulence closure model computed the development of turbulent kinetic energy (TKE) as well as a set of length scales. The eddy diffusivity (m 2 s − 1 ) is set by a length scale times the square root of TKE. The model was initialized using the vertical profiles of the horizontal component of velocity, temperature, and salinity as observed by the KEO buoy on 00Z 1 September b a Fig. 6 a Time-series variability in simulated diffusion coefficient (Kp) at 50, 60, and 70 m before and after typhoons T1414 pass near KEO in September 2014. b Integrated turbulent NO 3 flux at 50, 60, and 70 m estimated using Kp (a) and concentration gradient (Additional file 6: Figure S5) 2009 and integrated for 1 month using the atmospheric forcing dataset as provided by https://www.pmel.noaa.-gov/ocs/KEO.
Before typhoon T1414 passed near KEO buoy (i.e., before 8 September 2014), initial Kp at 50-70 m was set to be 1 × 10 − 5 m 2 s − 1 (Fig. 6a) . After typhoon T1414 passed on 9 September, Kp at 50 and 60 m largely increased to~10 -2.5 m 2 s − 1 and~10 − 4 m 2 s − 1 , respectively. Thereafter, Kp at both depths decreased gradually and came back to initial coefficients (10 − 5 ) after 15 September. On the other hand, Kp at 70 m did not increase after T1414 pass. Thus, these estimated increases in Kp relative to the background values of 10 − 5 m 2 s − 1 (ΔKp) caused by typhoon T1414, by Eq. (3) can be associated with integrated turbulent NO 3 flux "F" of~2.4 mmol-N m − 2 that could have supplied NO 3 to the upper 50 m between 9 and 19 September (Fig. 6b) . Following the same procedure used in the previous section ("Quantitative evaluation of individual cyclonic eddy as a nutrient supplier") for estimating the carbon flux supported by the eddy-induced N supply, the carbon flux supported by the typhoon-induced N supply was estimated. Doing so, we found that this typhoon-induced N supply could potentially introduce increases of PP of~158 mg-C m − 2 (2.4 × 6.6 × 12) and of 5000 m organic carbon flux (OCF) of~0.95 mg-C m , see the "Quantitative evaluation of individual cyclonic eddy as a nutrient supplier" section). Thus, typhoon T1414 in early September 2014 did not contribute to OCF increase observed at 5000 m in early October. While typhoon is an intriguing potential mechanism for entraining nutrients into the euphotic zone, typhoon's significant role in nutrient supply was not observed in this study. However, the above estimation was based on a climatological NO 3 vertical profile with a large standard deviation because its NO 3 data were collected from a broad area in the western Pacific subtropical region (Additional file 6: Figure S5 ). Seasonal observations of NO 3 vertical profile, especially during the typhoon season, are needed at station KEO to more accurately determine typhoon effect on physical oceanography and biogeochemistry.
Conclusions
Time-series observation of settling particle from a sediment trap deployed adjacent to a surface buoy, instrumented for meteorology, physical oceanography, and biogeochemistry, revealed that cyclonic eddies are likely an important mechanism for nutrient supply. Unlike the spring bloom, which occurs after deep winter mixing brings nutrients to the surface, eddies tend to supply the nutrients to a level below the surface that is still in the euphotic zone. As a consequence, the resulting bloom occurs below the surface and is not apparent in satellite data. For this reason, we refer to this as a "missing nutrient source." Surprisingly, typhoons were not observed to play a significant role in the nutrient supply in this study. While we have focused on the supply of nutrients from deep winter mixing, eddies, and typhoons, other sources may also contribute. In particular, further work is needed to quantify the role of N 2 fixation and eolian input for supplying nutrients in this oligotrophic ocean region. 
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